Abstract Age-dating of 137 Cs ceramic sources is shown to be a viable technology for nuclear forensics investigations. The 137 Cs age-dating method in general, however, could be substantially improved by using radiometric rather than ICP-MS measurement of the 137 Cs isotope and by refining the Cs/Ba separation process. With these improvements, uncertainty in the age of a 60-year-old source decreases from 1.35 to 0.68 y.
Introduction
The date on which a radioactive source material was last separated from its decay daughters is a useful parameter in deducing the material's origins and history for nuclear forensics investigations. In general, the date of interest is obtained by measuring the relative amounts of the parent radionuclide and its daughter isotopes in a sample of the source material on the date when the sample is analyzed and using the daughter/parent ratio to calculate the time that would have elapsed since the daughter was absent according to the appropriate decay formula. The elapsed time is commonly called the ''age'' of the material and the process of determining its value is known as ''age dating.'' Cesium-137 sealed sources are some of the most popular and widely used radioactive sources for medicine and industry because of the favorable energy of their gamma emission and advantages associated with the nuclide's 30-year half-life. Because these sources are so broadly available, concerns have long existed that a 137 Cs source might be incorporated into a radioactive dispersal device (RDD) for malevolent purposes. In recognition of this situation, the nuclear forensics community has investigated methods for age dating 137 Cs materials for a number of years. Early methods [1, 2] were developed for sources containing encapsulated 137 CsCl salt because this configuration was especially common in older radiation devices. Expanded understanding of the consequences of a 137 CsCl RDD prompted restrictions on the use of that material and a global shift among manufacturers of 137 Cs sources to other chemical forms of 137 Cs [3] . Sources in which the 137 Cs is incorporated into glass or ceramic matrices are common. Logically, accurate age-dating methods for 137 Cs sources containing these alternative materials are needed. In prior work [4] , we developed a method for Cs-loaded glass. In the present work, age dating of a 137 Cs ceramic was investigated.
The process by which the age of a source material is typically determined involves three steps. First, a sample of the material is brought into solution to provide a representative, uniform, and easily dividable sample configuration amenable to subsequent chemical manipulations and measurements. Next, if necessary, measured portions of the source solution are treated to isolate individual constituents of the solution to facilitate measurement of the parent and daughter nuclides. Finally, the parent and daughter nuclides are measured in a way that allows accurate determination of their amount ratios for input to the model decay formula and calculation of the time since purification, as the age of the material is also called.
With 137 Cs, the parent radionuclide decays by betaparticle emission to metastable 137m Ba, which in turn decays very quickly (half-life of 2.552 min) to stable 137 Ba. Assuming no 137 Ba is present at t = 0 (consistent with the condition that defines the purification time), the conversion from 137 Cs to 137 Ba follows the relationship
where N137 Ba t ð Þ is the atom amount of 137 Ba in a selected portion of the source material at time t, N 0 137 Cs is the atom amount of 137 Cs present at zero time in the same portion of material, k is the 137 Cs decay constant (given by ln 2 divided by the half-life, or 0.02305 y -1 ), and t is the time elapsed since N137 Ba had the value zero. This equation can be solved for the time of decay (i.e., the ''age'') and written in terms of the atom amounts of each nuclide present at time t if one recognizes that the sum of the 137 Ba atoms generated during the decay and the 137 Cs atoms that remain is constant and equal to the atoms of 137 Cs at t = 0 (i.e., N 0 137 Cs ¼ N137 Ba t ð Þ þ N137 Cs t ð Þ). The solution provides the basis for calculating the assigned age from measured values and is given by
Age dating a 137 Cs source thus requires accurate determination of the 137 Ba daughter and the residual 137 Cs parent in a sample of the source material so a time of decay can be calculated. The 137 Cs in a sample can be measured by either a radiometric technique (gamma spectrometry) or using mass spectrometry. The stable 137 Ba isotope requires mass spectrometric measurement. Because the nuclides that must be measured ( 137 Cs and 137 Ba) are isobaric, chemical separation of cesium from barium is required for mass spectrometric determination of the isotope amounts. In prior work [1, 2, 4] , this separation was made using an extraction chromatography resin (Sr Resin from Eichrom Technologies) and the gas-pressurized-extraction-chromatography (GPEC) apparatus developed by Idaho National Laboratory [1] . After separation, the isotopes in solution were determined by inductively coupled plasma mass spectrometry (ICP-MS).
One difficulty we encountered in pursuing investigation of an age-dating method for the 137 Cs ceramic matrix was determining a representative composition for designation as the ''ceramic.'' We discuss the range of materials that might have been used in fabricating 137 Cs ceramic sources and describe considerations that led us to select a cesiumloaded aluminosilicate as the ceramic composition most likely to be encountered in an interdicted 137 Cs source or following a 137 Cs RDD event. Then, we describe our preparation of a surrogate aluminosilicate ceramic for use in evaluating an age-dating method.
Subsequently, we address the different component steps in applying the age-dating method, including dissolution of the ceramic, separation of its cesium and barium constituents, and ICP-MS analysis of the separated fractions.
Evidence is presented that shows our dissolution procedure to be effective both in decomposing the sample matrix and allowing for quantitative recovery of the cesium and barium constituents. The GPEC method for separating cesium and barium in the dissolved matrix is shown to exhibit some inadequacies, not only in this application but possibly in previous applications as well. An alternative separation approach using a more conventional column configuration but with pumped eluents is proposed and evaluated. Refinement of the separation conditions for both the GPEC and conventional column approaches to use an alternative eluent for barium recovery is recommended. Strategic operational design for sample preparation and our recently developed [5] data-reduction model for correcting non-linearity and mass bias were applied in producing the ICP-MS data on which our evaluations and conclusions are based. The precision and accuracy afforded by this approach to the measurements allowed high confidence in the conclusions reached.
Finally, we address uncertainties associated with the various operations and measurements in the age-dating process and combine the various uncertainty contributions [6] to project the uncertainty associated with the measured age of a 137 Cs source material.
Experimental Considerations in approach to synthesis of surrogate ceramic
To produce their radioactive sources, sealed-source manufacturers have been purported to incorporate 137 Cs into various types of ceramic matrices. Some commonly mentioned ceramics for immobilizing 137 Cs are zeolites soaked with 137 CsCl or ceramics glazed with a specific chemical form of 137 Cs (nitrate, sulfate, oxide) [7] [8] [9] [10] , sodium aluminosilicate mixed with 137 CsCl and sintered and/or ion exchanged to create a pollucite phase [11, 12] , and sodiumzirconium-phosphate-based ceramics containing 137 CsCl [13, 14] . Despite common conjectures made in the literature regarding materials that might be used by sealedsource manufacturers for 137 Cs source materials, we found actual evidence in the open-literature only for aluminosilicate-types of cesium ceramic having been used. Thus, we concluded that an aluminosilicate ceramic is the most likely material to be encountered in the event that a 137 Cs ceramic source should be interdicted. Consequently, it was decided that a cesium-containing aluminosilicate would be an attractive material on which to base the targeted agedating method.
Although selection of the aluminosilicate ceramic for the ceramic simulant was a clear choice, choosing the method by which the cesium aluminosilicate ceramic would be fabricated was not as straightforward. Procedures to create generic cesium-containing aluminosilicates do exist in the open literature with sufficient detail for replication. However, published procedures specific to the fabrication of commercial 137 Cs ceramic sealed sources are virtually nonexistent, most likely because such procedures are regarded as proprietary information or trade secrets and are rarely released publicly by the manufacturer. After considering alternative options, we chose to fabricate a ceramic surrogate via sodium aluminosilicate, loading the material by ion-exchange with known amounts of Cs and Ba from certified spectroscopic standards. We also elected to use the loaded powder form of the ion-exchanged base material as our ceramic surrogate. The reasoning behind this choice of fabrication approach was two-fold. First, our chemists, based on considerable experience with aluminosilicate materials, predicted that there should be little difference in the dissolution behavior between the ion-exchanged aluminosilicate precursor and any ceramic form produced from it by sintering, as long as hydrofluoric acid were used to decompose the silicate matrix. Traditional ceramics are generally fired at a temperature that transforms the material from powder to a ceramic monolith [15] . With some types of ceramics, the chemical properties of the starting material are quite different from the fired product. For example, c-alumina powder dissolves in strong acids and bases while sintering the powder to a ceramic produces a-alumina, which is very much more resistant to chemical attack. With cesium aluminosilicates, a fired ceramic is expected to dissolve almost as readily as the precursor powder in an acid mixture containing HF, HNO 3 , and HCl. Thus, firing the precursor powder to a ceramic would not be required for the purpose of developing a dissolution method.
The second factor we considered was an ability to control the chemical composition of the product. When developing a dissolution and separation procedure for age dating a cesium ceramic source, a particularly useful measure of the quality of the developed processes is quantitative recovery of the cesium and barium originally present in the material. To reliably evaluate the recovery, it is desirable to know the amounts of cesium and barium present in each sample with a high level of certainty. Numerous reports in the literature for cesium ceramics studied as chemical waste forms indicate volatilization losses of cesium in the ceramic at certain firing temperatures, up to as much as 4 % of the initial cesium loading [9, 10] . By firing our surrogate, we would introduce an unnecessary source of uncertainty in the amount of cesium present in the ceramic, and make evaluation of recovery more difficult. Along these lines, we did investigate the possibility of using a cesium-containing aluminosilicate that was previously manufactured in our facilities for evaluation as a potential waste form matrix [10] . We concluded that the levels of impurities and extraneous elements in the material, as well as uncertain amounts of cesium and barium, would produce unnecessary complications for the dissolution procedure (e.g., incomplete dissolution of elements in the waste form that likely would not even be present in an actual 137 Cs ceramic sealed source) and limit the accuracy of recovery estimates. The fabrication approach based on soaking a sodium aluminosilicate with cesium and barium and creating the ceramic simulant via ion exchange at room temperature mitigates the risk of volatilizing cesium due to firing the ceramic, produces a surrogate that is anticipated to have representative dissolution properties, and at the same time allows exacting control over the chemical composition of samples produced for study. Our procedure for fabricating the surrogate is provided in the next section.
Procedure for Surrogate Preparation
A high-purity (99.95 % metals basis, Pfaltz and Bauer) sodium aluminum silicate was chosen as the base material for fabrication of the ceramic surrogate because the sodium cation is easily replaced with cesium or barium by ion exchange and the material is a likely starting material in a manufacturing process due to its low cost and abundant availability. Individual portions (nominally 0.1 g) of the sodium aluminum silicate were weighed into 30-mL, precleaned, PTFE beakers. Next, equal weighed portions of cesium and barium spectroscopic standard solutions (High Purity Standards, Charleston, SC; Inorganic Ventures, Christiansburg, VA; or SCP Science, Champlain, NY) were dispensed into each beaker. The mixtures were gently swirled and placed under a laminar-flow hood to air dry overnight. This process allowed ample time for the cesium and barium ions to exchange with the sodium ions present in the aluminosilicate and create the cesium-containing ceramic surrogate. With this preparation, each portion of surrogate is expected to contain accurately known amounts of cesium and barium determined by the mass of standard solution that was added. A sodium aluminum silicate blank was prepared (by adding deionized water in place of the element solutions) and similarly air-dried overnight to allow assessment of barium contamination that might have been introduced during handling of the samples or from the reagents used in the synthesis. After drying, the beakers containing the synthesized ceramic-surrogate solids were covered with Parafilm TM and placed in storage for subsequent use as test samples for evaluating the dissolution and separation procedures.
Dissolution procedure
Given the similarity in chemical composition between the silica-based glass material that was studied in our past work [4] and the aluminosilicate ceramic surrogate, we applied a comparable dissolution method. Silicates in the sample are decomposed with HF and silicon is evolved as SiF 4 gas in the first step of the dissolution, which involved adding 2 mL of reagent water, 2 mL of concentrated nitric acid (Optima TM grade, Fisher), 1 mL of concentrated hydrochloric acid (Optima TM grade, Fisher), and 1 mL of concentrated hydrofluoric acid (Optima TM grade, Fisher), covering the beaker with a Teflon Ò watch glass, refluxing the solution on a hotplate at medium heat for 0.5 h, and then taking each sample to dryness. This step is repeated to ensure that all silicates are decomposed and all silicon is expelled from the sample. Residual fluoride is evolved as BF 3 gas by adding 2 mL of a 2 % solution of H 3 BO 3 (Puratronic, 99.9995 % metals basis, Alfa Aesar Ò ) and an additional 2 mL of concentrated nitric acid, taking to dryness, and repeating to ensure all excess fluoride is removed. Excess boric acid is evolved as gaseous trimethyl borate to limit the amount of total dissolved solids introduced into the ICP-MS plasma when samples are ultimately analyzed. To remove the boric acid, 5 mL of Optima TM -grade methanol (Fisher Scientific) is added; then, the beaker is covered with a Teflon Ò watch glass and the liquid is refluxed on a hot plate at 70°C for a short time (15 min), at which time the watch glass is removed and the solvent allowed to evaporate to dryness. This step is then repeated once more to ensure complete removal of the boric acid. We note that previous development work on this procedure showed that heating the methanol/boric acid mixture at too high a temperature ([80°C) or in the presence of water can cause disintegration of the trimethyl borate and impede complete boron removal [4, 16] . Salts in each beaker are finally dissolved in 3 M nitric acid, with no visible residues of undissolved solids.
Separations using Sr Resin in an Omnifit
Ò Column Assembly For our separation tests with the Omnifit Ò column assembly, Benchmark kits with 3-mm i.d. 9 50-and 100-mm long ''microbore'' columns were procured. The size of the column was selected using capacity specifications for the Sr Resin (Eichrom Technologies website) and a projected loading of 1 lg Cs and 1 lg Ba for mixtures to be tested. The Omnifit Ò column consists of a glass column tube with fritted, screw-on fittings at each end. Both end fittings connect to narrow bore polyethylene tubing used for bringing solution to and away from the column. The column was mounted in a clamp on a ring stand and the tube from the bottom of the column was connected to a small peristaltic pump with a reverse switch that allowed moving liquid through the column in either the top-to-bottom or bottom-to-top direction. The setup is shown in Fig. 1 .
To pack the column, Sr resin (50-100 lm particle size) was slurried in reagent water and the slurry added to the top end of the glass column with the top fitting removed. The resin was allowed to settle and supernatant liquid was pumped out the bottom of the column. Then, more slurry was added and the process was repeated until the entire length of the column was packed. The top fritted fitting was then attached, completing the column preparation. The bed volume was calculated as approximately 0.35 mL for the 50-mm column.
Prior to use, the column was washed by pumping through it (bottom to top) 10 mL of reagent water, 10 mL of 3 N HNO 3 , and 10 mL of 1 % acetic acid. Then the column was conditioned with another 5 mL of 3 N HNO 3 . When the column was not in use, it was flushed with DI water and left filled with water. It was reconditioned with 5 mL of 3 N HNO 3 just prior to using it for each subsequent separation. Except for packing the column, where Fig. 1 Omnifit Ò column assembly with 3-mm 9 100-mm column solutions were pumped top-to-bottom, all operations were done with the pump set for bottom-to-top liquid flow. We devised a means to add the sample solution as a small plug of liquid to the system. Starting with a 2 lg/g sample solution (3 N HNO 3 ) in a centrifuge cone, we pumped 0.5 mL of the solution from the tube, stopped the pump, moved the input tube to a tube containing 3 N HNO 3 , and continued the elution. We determined the exact amount of sample solution transferred to the column by weighing the sample cone before and after the sample was removed. After the sample was loaded in a typical test, we pumped 5 mL of 3 N HNO 3 through the column and then put the input tube in a container of 1 % acetic acid and pumped 5 mL of that solution through. Pumping was regulated at 0.5 mL/min. We collected 0.5-or 1.0-mL fractions of the column effluent in centrifuge cones that contained previously measured portions of Pr internal standard. We weighed each tube to determine the exact amount of eluent collected in each fraction and then diluted the fractions for ICP-MS determination of their Cs and Ba contents. Results of these measurements were plotted as elution profiles for Cs and Ba as illustrated in Fig. 2 .
Inductively coupled plasma mass spectrometry
Instrument ICP-MS isotope ratio and elemental concentration measurements were made with a Perkin-Elmer/SCIEX TM ELAN DRC-II Ò quadrupole ICP-MS (Perkin Elmer, Norwalk, CT) equipped with an SC-2-DX auto-sampling system (ESI, Inc., Omaha, NE) and a discrete dynode detector. An all Teflon Ò sample-introduction system, consisting of a Peltier-cooled PFA-Teflon Ò cyclonic spray chamber (Model PC3, ESI, Inc.) and low-flow self-aspirating PFATeflon Ò nebulizer (ESI, Inc.) were used to introduce samples into the plasma. We found that the Peltier-cooled spray chamber substantially improved the precision of replicate measurements during analysis of a given sample and strongly recommend its use for isotope ratio measurements. All samples were run in pulse-counting mode with a dead-time-correction setting in the Perkin Elmer software equal to 62 ns. All data sets were run in quantitative-analysis mode. The instrument analysis method was set up with defined parameters of 100-ms dwell time, 15 sweeps per replicate, and 7 replicates per sample for all analysis runs.
All reagents used for ICP-MS dilutions were prepared in FEP-Teflon Ò bottles due to their superior leach-resistance properties. Certified-sterile polypropylene centrifuge vials (Corning Ò Centristar TM ) were used exclusively for sample containment due to their consistently negligible elemental background levels.
Data handling for ICP-MS measurements
The ICP-MS instrument output in units of counts per second for each measured peak was exported to a Microsoft
Ò

Excel
Ò workbook so it could be readily manipulated to refine the dead-time correction being applied, to implement corrections for background or interference signals, and to calculate mass-bias corrections from ratios obtained with isotopic standards interspersed among the samples in a given analysis sequence. The first operation applied in treating the data was to remove the dead-time correction that the instrument had applied to the output data so the data set included only detector count rates with no deadtime corrections applied. Then, the data were corrected for background contributions to individual peaks, primarily those from Xe isotopes, and the corrected peak-intensity data for barium standards analyzed during the run were fit to a model that provided a best-fit evaluation of linearityand mass-bias-correction parameters for the ICP-MS run. The model that was applied to evaluate and correct for the non-linearity and mass-bias effects on the measured isotopic signals is described elsewhere [5] .
Measuring cesium and barium isotopes by ICP-MS
Samples for the ICP-MS determination of cesium and barium were prepared within the context of a purposeful analysis strategy intended to reduce random and systematic error contributions to the analysis results by closely controlling additions of internal standard, using ratio-based data reduction and calibration formulas, and employing mass-based measurements throughout, as recommended by Salit and coworkers at NIST [17] [18] [19] . Calibration standards Fig. 2 Profiles of cesium and barium elution from a 3-mm id 9 50-mm long Omnifit Ò Microbore Column packed with Sr resin: 0.5 mL sample in 3 N HNO 3 ; washed with 5 mL 3 N HNO 3 and then 5 mL 1 % HOAc for concentration measurements were prepared by mixing weighed amounts of Cs and Ba spectroscopic standard solutions (1000 lg/g diluted by mass to nominally 2 lg/g) with a weighed amount of a nominally 1-lg/g solution of praseodymium, designated as internal standard. The amounts of Cs and Ba standards were selected to produce concentrations of 0, 10, 20, and 30 ng/g when the Pr was diluted to 10 ng/g. In preparing an unknown sample for comparison to these standards, a portion of the sample was transferred to or collected in a weighed tube that contained a weighed portion of the same Pr solution that was used in making the standards, and the mass of the added sample was measured. Samples were then diluted by mass to produce a concentration close to 10 ng/g for the Pr internal standard. By following this protocol, one does not have to know the concentration of the Pr internal standard because the amount of Pr is proportional to the known mass of internal standard solution and, if calibrations and calculations are based on the internal standard solution mass, the concentration cancels between standards and samples. Operations in any given test were laid out ahead of time to specify amounts of internal standard, sample, and diluent to give final concentrations within a narrow range of values comparable to the standards. Most often, the sample tubes were set up to contain 0.5 g of the Pr solution and were brought to a nominal value of 50 g solution after being diluted for analysis. The mass of Pr solution, mass of added sample, and final dilution mass were recorded for every sample. We also monitored the mass of the Pr internal standard stock solution to ensure that its concentration was not changing as a result of evaporation during storage as this would spoil the comparability between samples and standards on which the analysis strategy depends. We did not see any evidence of evaporation over the period of interest but mention that corrections can be applied for small changes in the internal standard solution if evaporation were to be noted.
Each analysis run was set up in a sequence that included the cesium and barium standard solutions. Barium isotopes in the standards were used for evaluating non-linearity and mass-bias effects. The run sequence typically prescribed running the standards, a set of analytical samples, the standards, more samples, and so on, such that every group of analytical samples was bracketed by the standards. The entire standard sequence was usually repeated at least three times during a run so at least three replicate measurements of each desired signal ratio were produced. Blank samples consisting of the 2 % HNO 3 diluent were analyzed before and after every sample and standard to ensure complete washout of the sample and prevent carryover of analyte from one sample to the next.
Peaks located at m/z 129(Xe), 130(Xe,Ba), 131(Xe), 132(Xe,Ba), 133(Cs), 134(Xe,Ba), 135(Ba), 136(Xe,Ba), 137(Ba), 138(Ba), and 141(Pr) were measured. The signal at m/z 129 ( 129 Xe) was used to monitor the level of xenon impurity in the argon plasma gas and to allow correction for contributions by xenon isotopes to the signals for 130 Ba, 132 Ba, 134 Ba, and 136 Ba. Corrections for the xenon isotopes were made using the ratios to 129 Xe observed in the blanks that bracketed each sample and the 129 Xe observed for a specific sample because both the level of xenon impurity and its isotopic composition might have varied both within each run and between runs. This variation was a concern because xenon concentrates in the argon supply tank as the argon is used and the xenon isotopes evaporate at slightly different rates, which could cause the xenon isotopic composition to change due to isotope fractionation as evaporation occurs.
Non-linearity (s) and mass-bias (F) correction factors as defined in Ref. 5 were determined separately for every run using results from the barium standards analyzed during the run and reference ratios for 130/138, 134/138, 136/138, and 137/138 based on the IUPAC abundances for the barium isotopes [20] . We found that, due to the very low abundance of 132 Ba (0.1012 %) and the high abundance of 132 Xe (26.89 %), corrected 132 Ba/ 138 Ba ratios were not very precise; consequently they were not used in modeling the data to determine corrections. In every ICP-MS run that was carried out as part of this task, the fit of data to the model was excellent with corrected ratios of the Ba isotopes to 138 Ba deviating not more than 0.2 % from the reference values.
Calibration of the ICP-MS signal response vs concentrations of standards was established from the simple straight-line relationship between the isotope/internal standard signal ratio and the amount ratio of the isotope to internal standard solution in the calibrants. The standard uncertainties of the ICP-MS concentration measurements of Cs (based on 133 Cs) and Ba (based on 138 Ba) were estimated directly by pooling standard deviations from analysis runs carried out on seven different days during the study. It is convenient to describe the uncertainty in the measurements as arising from two sources: (1) a variance due to background fluctuations and other sources of signal noise, which dominates when the signal is very small and (2) a variance that is proportional to the magnitude of the signal, which becomes most important when the signal is much larger than the noise. Representing the variance from the noise as u Noise 2 and the proportional variance as C 
Values for u Noise and u Prop for Cs and Ba are shown in Table 1 . The proportional uncertainties include contributions from not only sample-to-sample variations, but also from long term drift in the calibration slopes over the several hour duration of the ICP-MS runs. In the case of Cs, this long term drift is a substantial component of the variance while for Ba it is much less significant.
Results and discussion
Quantitative evaluation of dissolution performance
Quantitative performance of the dissolution procedure was tested by analyzing solutions prepared by dissolving a set of surrogate ceramic samples and comparing results of the analysis with values expected from data recorded when the surrogate samples were prepared. Four surrogate samples were made using a nominal mass of 100 mg of sodium aluminosilicate and spectroscopic standard solutions. Components of each surrogate are listed in Table 2 .
Each of the four surrogate samples was dissolved using our listed procedure and the solution was transferred from the dissolution beaker to a weighed 50-mL centrifuge vial (Corning TM certified sterile polypropylene vial) using 3 N HNO 3 . The solution in each vial was brought to a mass of approximately 50 g using additional 3 N HNO 3 , and the vials were weighed again to determine the total solution mass. The stock solutions prepared in this way were serially diluted by mass to provide a final concentration on the order of 2 lg of Cs or Ba per g of solution for samples to which Cs and Ba had been added; the same dilutions were applied to the unspiked sample, Ceramic 4. Next, 0.5 g of each 2 lg/g solution was weighed into a pre-weighed 50-mL centrifuge cone containing a weighed portion (0.5 g) of a 1 lg/g solution of Pr internal standard. The Pr solution was from the same batch that was used in preparing Cs and Ba calibration standards for ICP-MS determination of the elements. These operations produced analysis solutions containing roughly 20 ng/g concentrations of Cs and Ba, and 10 ng/g Pr.
The solutions spiked with internal standard and the corresponding calibration standards were analyzed in four ICP-MS runs carried out on separate days. Each run provided a value for the concentration of Cs and the concentration of Ba in the solution. Results of these measurements are shown in Table 3 .
The precision of the concentration measurements was quite good, having a pooled rsd of 0.26 % for Cs and 0.29 % for Ba. This level of precision for measurements with the quadrupole ICP-MS reflects the effectiveness of the experimental design and data-reduction process incorporated into our operations.
From these measured concentrations and dilution factors calculated from the solution mass data recorded during the dissolution and serial dilutions, we calculated values for the amounts of Cs and Ba recovered from the dissolution process and compared these to the amounts that were added when the surrogate ceramics were prepared ( Table 4) .
The data show that 98 % or more of the cesium in each dissolved sample was transferred out of the beaker for measurement. Also, the barium and cesium recoveries are correlated, with the sample showing the highest cesium recovery also showing the highest barium and the sample with the lowest cesium recovery giving the lowest recovery for barium. This relationship between the cesium and barium recoveries is sensible insofar as one would expect the recoveries to be influenced not only by completeness of dissolution but also by the degree to which the analyst was able to wash the solution from the beaker to the dilution vessel. If dissolution and mixing of the solution in the beaker is complete, one would expect the barium-to-cesium ratio, which is key to calculating the age of a 137 Cs source, to be unaffected by the extent of transfer, particularly if the fraction of sample transferred is high. The observation that more than 98 % of the Cs in every sample was recovered indicates that the transfer fraction was satisfactory in these tests. The Ba/Cs ratio is larger in the solutions than that calculated from the added amounts, as indicated in the last column of Table 4 . This might be due to a trace barium impurity in the starting aluminosilicate or to traces of barium arising from a contaminant in the reagents or the environment where the samples were handled.
Cesium/barium separation
Gas pressurized extraction chromatography (GPEC) operations
In early work on the present task, a miniature GPEC fabricated by INL in 2009 was used for the Cs/Ba separations. Details of the mechanical operation of the GPEC can be found elsewhere [5] . As we proceeded with our study, we began to question the reasons for using the GPEC system in the first place. One of the GPEC features that prompted its adoption in early age-dating applications is its ability to handle small sample quantities, which could reduce the radiation exposure of analysts that do the separations.
Other features were a potential for speed in the operations and the possibility of automating the separations process. In our experience using the manual GPEC system, we have not seen its promise realized. For one thing, we have found that the extent of reduction for the sample quantity is not as great as one would expect based on the small loading placed on the column. To fill the sample loop (0.25 mL), we found that one has to have available a much larger volume of sample, at least three times as much, because of the volume of tubing that goes to the loop and the volume needed to ensure complete displacement of liquid that is in the loop and tubing to start. In effect, one ends up throwing away 2/3 of the solution consumed for the separation. The small capacity of the GPEC column is itself a mixed blessing. On the one hand, it allows working with small samples, but on the other hand, when larger samples are available, one cannot use larger amounts to help swamp out contamination effects or benefit from the convenience and accuracy of handling larger portions. Moreover, access to the GPEC systems has not become widespread and only a few of them are in use. The apparatus is quite costly, and, in our hands, has been quite labor-intensive and timeconsuming to use. Loop-by-loop elution and collection of the sample fractions takes several minutes per loop with the manual system and if one has to carry out blank separation runs to achieve complete barium recovery, involves considerable analyst effort and potential for higher radiation exposure. Given all these things, we were open to considering an alternative approach for the separation step when we were invited to participate in an exercise involving age dating 60 Co sources [21] . As part of the exercise, we were required to set up a column assembly in a configuration we had not used before. The column resin was packed in an assembly based on a commercially available kit (BenchMark Omnifit Column Ò , Diba Industries, Danbury, CT). Although it resembles a conventional packed column, the Omnifit Ò system allowed very convenient handling of solutions and operational control using a peristaltic pump. We were impressed by the ease of use, speed of separations, and excellent separation efficiencies for Co from Ni as well as an ability to achieve quantitative recovery of the separated element fractions. Based on our experience during the 60 Co task, we concluded that an analysis process based on an analogous setup might be advantageous for the cesium/barium ceramic case and that it could perform better than the process based on the GPEC system. Experiments to evaluate performance of the Omnifit Ò column assembly are described in the next section.
Separations using Sr Resin in an Omnifit
Ò column assembly
To evaluate performance of the column with a ceramic-like matrix, an elution profile was created in which we loaded 0.5 mL of a test solution containing nominally 2 ug/g of Cs and Ba, 40 ug/g Na and 50 ug/g Al in 3 N HNO 3 . Next, 5 mL of 3 N HNO 3 was passed through the column to elute Cs and 7 mL of 1 % acetic acid to elute barium. Fractions were collected containing 1-mL increments of the solution that flowed out of the system. Each fraction was weighed to determine the exact amount recovered. The profile obtained with the 50-mm Omnifit Ò column is shown in Fig. 3 .
Adding aluminum and sodium to the sample did not change the cesium elution characteristics substantially. However, it is clear that the presence of these elements causes barium to be displaced from the resin much earlier in the 3 N HNO 3 wash. Baseline separation of cesium and barium still occurs but the collected fractions have to be carefully sized to avoid barium being present in the cesium fraction or cesium in the barium fraction.
For our next test, we processed diluted solutions of the the three spiked ceramics and the unspiked ceramic sample described in Table 2 through the 50-mm Omnifit Ò column. In each separation, we loaded 0.5 mL of the sample solution (in 3 N HNO 3 ) and rinsed the column with 3 mL of 3 N HNO 3 to produce what we designated the Cs Fraction. Then, we changed the collection tube and passed 5 mL of 1 % acetic acid through the column to elute Ba, producing the Ba Fraction. Each fraction was ultimately diluted to 50 mL with 2 % nitric acid for ICP-MS determination Cs and Ba. The column was reconditioned with 5 mL of 3 N HNO 3 between samples. Results from analysis of the fractions are summarized in Table 5 .
Although the element separations with this Omnifit Ò column appear to be fairly good insofar as only traces of Cs were found in the Ba fractions and traces of Ba in the Cs fractions, the Ba/Cs ratios calculated from the separated fractions are shifted to values lower than the values from analysis of unseparated portions of the same sample solutions. One possible reason for the low Ba recoveries indicated by this observation is that we did not wash the column with sufficient 1 % acetic acid to remove all the Ba from the column. The elution profile data seemed to make this very unlikely, but we could not discount it. Based on data presented below, we presently believe that the underlying cause is more likely a failure of the Sr resin to completely release barium to the 1 % acetic acid eluent. Given the small separation window that was found between the cesium and barium peaks with the 50-mm long Omnifit Ò column, we procured a kit with column dimensions of 3-mm i.d. by 100 mm in length. The 100-mm column was packed in the same manner as the shorter column.
An elution profile obtained with the 100-mm Omnifit Ò column when we loaded 0.5 mL of sample and then passed 5 mL 3 N HNO 3 and 7 mL 1 % acetic acid is shown in Fig. 4 . The longer column performed as expected and retained barium throughout the entire wash with 3 N HNO 3 (the single point showing an elevated Ba concentration at about 3 g of eluent in the plot is attributed to a spurious contamination and is not considered real). Cesium eluted from the longer column almost as fast as it did from the shorter one; this is not surprising since the cesium washout is essentially determined by the system dead volume and doubling the column bed volume from 0.35 mL to 0.70 mL only increases the dead volume by 0.60 9 0.35 mL = 0.21 mL based on Eichrom's value of 0.60 for the freevolume fraction of a packed Sr resin bed.
We repeated the tests with the surrogate ceramic samples using the 100-mm Omnifit Ò column. Results of these tests are given in Table 6 .
These tests also show the pattern of low Ba/Cs ratios after separation that we saw in GPEC tests and in the test with the 50-mm Omnifit Ò column. In all cases, barium recovery appears to be low by about the same fraction, 2 % of the amount loaded on the column. It seemed that the 1 % acetic acid eluent was not extracting all the barium from the column. We therefore began thinking about ways in which we might improve the effectiveness of removing barium from the resin. On looking at the Eichrom specifications for the Sr resin, we noticed that Eichrom recommends eluting Sr and Ba with dilute (0.01 M) nitric acid. So, we decided we would try 0.01 M HNO 3 in place of the 1 % acetic acid. The elution profile and surrogate ceramic separation test data with this eluent and the 100-mm Omnifit column are shown in Fig. 5 and Table 7 . Almost no difference is seen between performance with the 0.01 M nitric acid elution of barium and that with 1 % acetic acid. The question remained, ''how can one improve the desorption of barium from the Sr resin?'' Two possibilities came to mind. One would be to decrease the acidity of the solution since the distribution coefficient (K d ) for Ba on the Sr resin is known to decrease exponentially with nitric acid concentration. Just using a pH higher than that of 0.01 M HNO 3 seemed unlikely to be successful. Even going to pure water as eluent did not seem likely to produce the change we desired since this had been reported by Sommers et al. [1] , to be less effective than 1 % acetic acid in their GPEC operations. The other would be to add a complexant to the barium eluent to promote barium back extraction. On searching the literature for Sr resin applications, we found no reports of complexants having been used for stripping Sr resin columns of Ba or Sr. However, we did find a few references [22] [23] [24] that described using a dilute solution of ethylenediaminetetracetic acid (EDTA) or cyclohexylenediaminetetraacetic (CDTA) to strip barium from cation exchange columns in separating it from radium. We selected a dilute solution of EDTA to test the concept of using a complexant in the barium eluent to improve recovery. Because the formation constant for the Ba-EDTA complex is relatively small (log K f & 7.9) [25] , 
Cs eluƟon profile
Ba eluƟon profile Fig. 4 Profiles of cesium and barium elution with sodium and aluminum present in sample, 100-mm Omnifit column: 0.5 mL sample in 3 N HNO 3 ; wash with 5 mL 3 N HNO 3 and then 7 mL 1 % HOAc complexation is most effective at high pH where H ? does not compete effectively with Ba for the complexant. We chose an eluent consisting of 0.05 M disodium EDTA (100 times the anticipated concentration of Ba in the eluent solution) in water, which had a pH of 6. Using a freshly prepared 100-mm column of Sr resin, we replicated our experiments to separate the Cs and Ba in the four surrogate ceramic sample solutions two times using the EDTA eluent for Ba. Results are shown in Table 8 . (We found that our 0.05 M EDTA solution contained a trace impurity of barium, about 0.5 ng/mL, and corrected for it in the barium data shown.) One time, we loaded 0.5 mL of the sample and washed the column with 5 mL of 3 N HNO 3 to produce the Cs fraction. Then, we washed the column with 7 mL of 0.05 M EDTA to generate the Ba fraction. The next time, we again loaded 0.5 mL of sample and washed with 7 mL of 0.05 M EDTA to elute barium, but we only used 3 mL of 3 N HNO 3 for the wash in the Cs fraction because it appeared some barium might have broken through into the Cs fraction in some of the firstseries samples where a 5-mL wash was used. Between samples, we reconditioned the column with 5 mL of 3 N HNO 3 .
The data from these cursory tests of the EDTA-based eluent for barium give considerable reason to be encouraged that this approach could resolve the shortcomings we observed with 1 % acetic acid as eluent. The average Ba/ Cs ratio after separation for the six spiked-surrogate ceramic samples relative to the unseparated samples is 0.994 with a standard deviation of 0.008. This is much improved from the corresponding figure of merit with 1 % acetic acid, which averaged only 0.98 or less. And, this improvement does not take into account that the EDTA separation conditions are not optimized. One refinement suggested by the data in Table 8 is a fine tuning of the volume used for the 3 N HNO 3 wash in the Cs fraction. The data hint that using 5 mL for this wash causes a small amount of Ba to break through into the Cs fraction, while cutting back to 3 mL seems not to completely wash Cs out of the system, since a trace of Cs shows itself in the Ba fractions. Some volume between these values is likely to be better. We suspect that some of the variability in the barium recoveries might arise from an insufficient wash with the 0.05 M EDTA eluate. Increasing the EDTA wash would be interesting to test.
Unfortunately, re-inventing the Cs/Ba separation methodology was beyond the scope of the current task, which was undertaken to adapt existing methods for agedating 137 Cs to accommodate the ceramic matrix. The problems we have found with the separation method are not due to constituents in the dissolved ceramic and almost certainly affect all other matrices that have been previously investigated, including CsCl and Cs-loaded glass forms (not to mention the Sr/Zr separations needed in age-dating sources containing 90 Sr). Our studies do indicate that, for example, the sodium and aluminum components in our ceramic surrogates affect the separation by slightly lowering the retention of barium on the Sr resin, but this effect is minor and easily accommodated by adjusting column size and/or the volumes of wash solutions used in eluting the Cs and Ba fractions. The Cs/Ba separation is projected to work just as well for the ceramic matrix as it does in these other cases. Given this situation, we did not go further in optimizing the separation under the present task. This is not to say that we consider the present situation acceptable. We strongly recommend studies to simplify and refine the methodology for separations on Sr resin to make them more widely accessible (e.g., by not requiring the GPEC apparatus) and to eliminate the losses that we have documented when 1 % acetic acid is used as the stripping eluent for the alkaline earths (Ba or Sr). The work we have described can serve as a foundation on which such studies can build. Areas that we believe should be looked at are: (1) Use of the Omnifit Ò column configuration as an alternative to the GPEC for separations. We have found the commercially available Omnifit Ò assemblies to be relatively inexpensive and uncommonly convenient to use. They are well-suited to samples containing microgram amounts of 137 Cs, only a few times more than that required for the GPEC, but can be easily sized for larger samples if desired. We looked at 3-mm-i.d. micro-bore columns that were 50-and 100-mm long; a 150-mm length that would allow considerably better separation of Cs and Ba with little penalty in time or waste volumes is available and should be evaluated. (2) Refinement and optimization of alkaline earth elution from Sr resin using a complexantbased eluent. In our scoping tests, we tried only one candidate complexant to promote complete removal of barium from the Sr resin. The EDTA complexant we used has a relatively small K f with barium (log K f is 7.9 as cited earlier). In other applications, workers reported adjusting the pH of the EDTA solution, using ammonia for example, to enhance the extent of complexation. Increasing the pH of the EDTA eluent could be beneficial and should be investigated. Alternatively, using a stronger complexant like CDTA (log K f with Ba = 8.6) might also be advantageous. Such improvements promise not only to enhance recovery for barium from the Sr resin, but also to resolve difficulties reported for separations involving strontium.
Extending the concept of complexant-based desorption to the Sr/Zr separation required for age dating 90 Sr sources might very well reduce the variability in recoveries that made isotope dilution necessary for accurate age dating of that radioisotope [5] . Although using the isotope dilution approach is very effective, it entails considerable penalties in required facilities, effort, time, and cost that are very unattractive in a forensic application. Pursuit of a simpler, more effective process for achieving reproducible and reliable separation and recovery of Sr as well as Ba using the Sr resin, whether using a GPEC or conventional column configuration, seems to us to be a very wise investment.
Projection of 137 Cs age-dating method performance
In the following method-performance evaluation, the principles of uncertainty propagation are applied in assigning a value for the uncertainty associated with the ''time since purification.'' To begin the process, one needs to lay out the individual procedural steps in the determination and describe them using mathematical formulas that explicitly show the dependencies between outcomes and inputs and allow estimation of the effects of all component uncertainties in the input variables so their effect on the outcome can be evaluated [6] .
In the present case, we are at a bit of a disadvantage in this endeavor because the work done in our study did not apply an integrated, defined procedure for the age determination, but rather, investigated several procedural concepts pertinent to various steps in the age-dating process. To permit our projecting a method performance, we take the approach of using a postulated method composed of operations that we see as practical and efficient with predictable uncertainty.
Our model method for age dating a 137 Cs-ceramic source begins with dissolving the source material. The dissolved sample is transferred to an appropriate vessel and diluted with 3 N nitric acid to prepare a well-mixed stock solution containing the 137 Cs parent and 137 Ba daughter from the source sample. A portion of this stock solution is diluted by mass to provide a working solution that contains 137 Cs at a concentration appropriate for use in subsequent separation and measurement steps. To determine what this concentration should be, we need to consider available measurement and separation strategies that might be applied and anticipate quantities of the analytes of interest that will produce a sample suitable for their application. Our consideration of the measurement and separation aspects of the method warrants discussion at this point because it leads to some insights that help choose between options and facilitate our evaluation of performance.
It has been noted that there are two options for measuring the 137 Cs isotope in solution: either radiometric (gamma spectrometry) or mass spectrometric (ICP-MS). In general, the mass spectrometric approach has been favored by researchers who have done 137 Cs age dating in the past-likely because their method development (like ours) was done using non-radioactive 133 Cs, which requires a mass spectrometric measurement, as a surrogate for 137 Cs. Measuring the radioactive 137 Cs and the non-radioactive barium with the same instrument also has advantages in convenience and cost. When we laid out a detailed concept for the operations to determine 137 Cs by ICP-MS, however, it came to light that a serious gap exists in the processes needed for what we would consider a satisfactory calibration of the system. To obtain an accurate calibration, one wants ideally to calibrate the ICP-MS response using the specific isotope that will be measured. This is necessary because mass spectrometric measurements are subject to a mass discrimination effect that causes different isotopes of the same element to exhibit different detector responses for identical concentrations. When laboratories have used ICP-MS for measuring 137 Cs, they accommodated this effect by assigning the same sensitivity for 137 Cs as was observed for 137 Ba or for 133 Cs. Such actions are common in ICP-QMS operations in cases where specific isotope standards or isotopic reference materials are not available and where the uncertainty introduced by the assignment (typically presumed to be \ 10 %) is tolerable for the application. It was our judgment that these approaches are not acceptable for the age-dating method. One option that came to mind to circumvent this problem was to use the 137 Cs in the NIST SRM 4233E (Cesium-137 Radioactivity Standard) for calibrating the ICP-MS. A problem with this option is that the cesium in this standard would have to be separated from the barium component. This would require not only the effort to carry out the separation, but also radiometric measurements to evaluate recovery of the 137 Cs in the separation step. It is clear that a better option would be to measure the 137 Cs amount in the age-dating sample using gamma spectrometry, which could be directly calibrated against the NIST SRM. This not only provides an accurate calibration and establishes traceability, but also allows uncertainty components in the measurement to be assigned in a rigorous framework since the standard-sample comparison using a gamma counter is well understood. In our model age-dating method, then, we specify that the 137 Cs component in the sample will be determined using gamma spectrometry. We note that the 137 Cs measurement in this case can be made either before or after separating the cesium from barium since barium in the sample does not interfere with the gamma measurement; if the measurement is made after separation, additional measurements should be made to evaluate recovery of the cesium component during the separation process.
By necessity, the barium component of the age-dating sample is measured by ICP-MS in our model scheme. Calibration of the ICP-MS for 137 Ba is achieved using solutions prepared from a NIST traceable standard containing natural barium and the assumption that barium in the standard has an isotopic composition that falls in the bounds of terrestrial variations listed by IUPAC [20] (See Table 9 ).
This approach provides direct calibration of the 137 Ba signal with standards having documented uncertainty sources.
We have described two possible approaches to separating barium from a measured amount of the working solution prepared from the 137 Cs source-separation with the GPEC system and separation with the Omnifit Ò column assembly. To simplify comparison of these separation techniques, we postulate using an amount of solution that contains 1 lg of 137 Cs, equivalent to 3.212 MBq of 137 Cs activity, in both cases. With the GPEC system, this quantity of 137 Cs would be contained in a volume of sample solution that corresponds to one sample loop (typically 0.25 mL). We recognize that the activity of this solution might be higher than desirable for operations in some facilities but we also believe that lower concentrations can be used without substantively affecting method-performance conclusions based on this working value. In our postulated method using the Omnifit Ò apparatus, we envision loading 0.5 g of sample solution to the column, with the mass of added solution measured when the loading is done (we did this in our tests by weighing the vial containing the load solution before and after the solution was pumped to the column); again, a smaller volume or somewhat lower concentration will have minimal effect on the performance outcome as long as the solution mass is large enough to allow precise weighing and the barium amount in the separated fraction is sufficient to allow measurement with uncertainties consistent with postulated conditions.
In visualizing operations for the separation processes, we recognized two procedures that might be followed to evaluate the ratio of 137 Ba/ 137 Cs in the source material. In one embodiment of the process, the 137 Cs concentration of the sample solution would be measured prior to separation while the 137 Ba concentration would be determined from the mass of solution loaded to the column and the amount of 137 Ba measured in the separated barium fraction, with correction for recovery of barium during the separation. In the second embodiment, both the 137 Cs and the 137 Ba amounts in the separated fractions would be determined in the respective separated fractions using measurements carried out on solutions in which the fractions would be contained. The 137 Cs would be measured by gamma counting, and the 137 Ba by ICP-MS. Again, recovery corrections might be necessary. In this second case, it is not necessary to know the exact amount of solution used in the separation since it cancels when the isotope ratio is calculated. The first approach has some advantage when used with the Omnifit Ò system since it allows convenient measurement of the 137 Cs concentration and the mass of separated solution is easily and accurately measureable. The second approach is advantageous with the GPEC system since the amount of solution in the sample loop has to be deduced from a calibration of the sample loop and the density of the sample solution has to be known or measured for calculations. These requirements entail added effort and introduce added uncertainty, which can be avoided by measuring the isotopes in their respective fractions. Both processes involve carrying out dilutions, additions of internal standard (for barium), and other manipulations of solution samples, but these can be done by weight with very small uncertainty (\0.05 %, relative).
There is one additional point to be made in laying out the age-dating method considerations. It concerns the a Value in parenthesis is expanded uncertainty from Ref. [20] ; presumed to correspond to k = 2 b Calculated from mole fraction values and nuclidic masses of the isotopes interchangeability among units for expressing factors in the ratio of 137 Ba/ 137 Cs amounts, which forms the basis for calculating the age of a source. In Eq. 2, an expression is presented that involves the ratio of atom amounts, N137 Ba t ð Þ=N137 Cs t ð Þ. We note that, because the nuclidic masses of the two isotopes are virtually identical (to better than 0.01 % of their values), this atom amount ratio is numerically equivalent from a practical standpoint to the corresponding ratio where the elements are expressed in mass quantities, M137 Ba t ð Þ=M137 Cs t ð Þ. Moreover, if the two isotopes are present together in solution, the ratio of concentrations is also identical to the ratio of atom amounts because the solution-mass or solution-volume component of the concentration expression cancels when the ratio is taken. Because of these identities, it does not matter whether the 137 Cs and 137 Ba values are expressed in terms of atom amounts, mass amounts, concentrations per unit mass of solution, or concentration per unit volume of solution; the ratio will have the same value as long as the two isotopes are presented on the same basis. For this reason, we do not take time to detail conversions implicit in switching from one set of units to another in our mathematical treatments of the age-dating process.
Uncertainty propagation calculations are based on the expression in Eq. 4, which is derived from a Taylor Series expansion of the formula that describes the relationships among variables used in determining a system property [6] .
In this expression, r 2 (y) represents the variance of the property y and is given as the summation of the products of sensitivity coefficients, c 2 (i), and variances, r 2 (i) for individual variables, i. The sensitivity coefficient weights the variance from each variable according to its effect on the variance in y and is obtained by partial differentiation with respect to i of the expression that relates the variable to the property.
When the summation in Eq. 4 is composed using standard uncertainties expressed as a standard deviation for the pertinent variables, r y ð Þ is called a combined uncertainty. Method performance is commonly rated in terms of the expanded uncertainty, calculated as the product of the combined uncertainty for the measured property and a coverage factor, k, which corresponds to a specified confidence interval around the reported value of the property. Ellison et al. [6] recommend using a coverage factor of 2 in calculating the expanded uncertainty.
For our calculations, we started with an expression (Eq. 6) for the age parameter, t, in a slightly different format than that presented earlier in Eq. 2. This formula is written in terms of the half-life, t 1/2 , rather than the decay constant, k. The two expressions are identical since, by definition, k = ln(2)/t 1/2 .
Here, R represents the 137 Ba to 137 Cs amount ratio calculated from atom amounts, mass amounts, or concentrations of the two isotopes in the source sample.
Using the strategy implicit in Eq. 4 to evaluate sensitivity coefficients for the pertinent variables, uncertainty in t is related to uncertainty in the half-life and in the measured value of R as in Eq. 7.
The partial derivatives in this expression have the values shown in Eqs. 8 and 9.
These expressions indicate that the uncertainty in the assigned age value is not a constant, but will depend on the value of R and, consequently, vary with the magnitude of the determined age.
The half-life of 137 Cs has the value 30.070 ± 0.030 year [26] , where the uncertainty shown is the standard uncertainty. This information is sufficient for one to evaluate the first term in Eq. 7 for any value of R.
The quantity R is a function of other variables evaluated in the course of processing the sample, and the second term must be expanded before it can be used in treating the uncertainty in t. In our model system, we have postulated that a sample of the 137 Cs ceramic source is dissolved, the resulting solution is diluted to an appropriate concentration, the 137 Cs concentration is measured by a gamma-counting comparison with standards prepared from NIST SRM 4233E, barium in the solution is separated from cesium using Sr-resin in a GPEC or Omnifit Ò apparatus, and the barium concentration is measured using ICP-Quadrupole Mass Spectrometry (ICP-QMS) with non-linearity and massdiscrimination effects corrected using the Argonne model algorithm [5] . The formula we composed to describe our determination of R with this methodology is given in Eq. 10.
In this formula, F Diss represents a factor that accounts for any shift in the ratio value that might occur as a result of incongruent dissolution of the cesium and barium constituents in the ceramic sample or any segregation of the elements due to incomplete sample transfer or incomplete mixing of the sample stock solution. Based on the discussion of the dissolution procedure in ''Results and discussion''section, we assign the value unity to F Diss with a relative standard uncertainty of 0.l % to account for effects that might be present and were not recognized in our testing.
The factor F Dil represents a factor that accounts for dilutions that are carried out during the dissolution operations, including the initial serial dilution of the sample stock solution. Terms contributing to this factor will depend on the exact sequence of dilutions applied in processing the samples, but are expected in the end to cancel when the cesium-and barium-related contributions are normalized to a particular condition used in evaluating the concentrations; thus, we also assign the value unity to F Dil . Because we apply a strategic design to the dilutions and ensure that the amounts of solution are always sufficient to allow precise and accurate measurements of their mass, we assign a relative standard uncertainty of 0.05 %.
The factor F Sep corrects for any shift in the ratio value that occurs because of differences in the recovery of barium and cesium in the separation process. As discussed earlier, evidence exists that this factor has a value less than unity for the GPEC system. With the Omnifit Ò apparatus, the value might be close to unity, although additional development and characterization is needed to establish what the optimized value might be. For the sake of the present analysis, we elected to use the data from our investigations of the two separation techniques. We assign for F Sep using the GPEC a value of 0.983 with a standard uncertainty of 0.023 (2.3 % relative) [4] . With the Omnifit Ò system and an EDTA eluent, the corresponding value is 0.994 with a relative standard uncertainty of 0.8 % (Table 8) . Because the value of F Sep is expected to vary randomly from sample to sample, the magnitude of the uncertainty term corresponding to F Sep is reduced by the factor N Sep if replicate sample portions are put through the separation and measurement process.
The variable C137 Ba represents the concentration of 137 Ba measured in the solution analyzed by ICP-MS and normalized to the same condition as the solution to which the 137 Cs measurement is calculated. The ICP-MS measurement involves comparing signals from the sample to those from standards prepared by diluting a certified spectroscopic standard solution. A simplified expression describing the measurement is given in Eq. 11.
Here, S Sple and B Sple are the instrument signal and the subtracted background, respectively, for the sample. The quantity Slope is the slope of the calibration curve, which is derived from measurements with the working standards, and is expressed as in Eq. 12.
S Std is the signal recorded for the standard and C BaStd is the concentration assigned to the working standard solution. C BaStd is calculated as described earlier from the certified concentration of barium in the reference solution, C BaStd 0 , the mass fraction abundance of 137 Ba in natural barium, A Nat; 137 Ba , and a dilution factor, DF BaStd , derived from mass measurements recorded when the working standard is prepared.
The last quantity needing consideration in Eq. 10 is the variable C137 Cs , which represents the measured concentration of 137 Cs in the solution that corresponds to the solution analyzed for 137 Ba with the ICP-MS. This concentration is determined by a gamma-counting comparison of an appropriate dilution of the sample solution with standards prepared from the NIST SRM 4233E.
In this expression, CR Sple and CR cStd are the count rates recorded during gamma counting of the sample and the NIST SRM 4233E standard, respectively. C NIST,c 0 is the concentration of 137 Cs in the NIST SRM (available from the NIST certificate), and DF c is a factor that accounts for dilutions made in preparing the sample and standard solutions for counting.
The relationships in Eqs. 6-14 identify fourteen input quantities that contribute uncertainty to the age measured for a source of interest. For each of these, an expression for the sensitivity coefficient was derived and a standard uncertainty was assigned. The sensitivitycoefficient expressions are listed in Table 10 ; standard uncertainties are presented in Table 11 along with a statement of the method we used for evaluating each uncertainty.
Based on the information available from the foregoing discussion, an expression was derived that provides the desired combined uncertainty in t as a function of the uncertainties in the input quantities.
In this expression, the conventional symbols are used to represent the pertinent standard uncertainties [u(i) is the standard uncertainty in the quantity i; u r (i) is the relative uncertainty in i, evaluated as u(i)/i and expressed as a fraction; u c (t) is the combined uncertainty in the measured age].
One feature of this expression that warrants comment is the appearance of the quantity C137 Cs in the third term. This value of the 137 Cs concentration corresponds to the 137 Cs that would be present in the solution analyzed for 137 Ba if it had not been separated out. The exact value of this quantity depends on the details of the operations and dilutions carried out in processing the source sample. For our treatment, we chose to set the value at 20 ng 137 Cs per g solution, which we consider a mid-range target value in our operations. Since this last term only contributes consequentially when the age of a sample (or, equivalently, the value of R) is very small, the effect of choosing a smaller or larger concentration has little influence on conclusions we draw from our calculations.
Using the expression in Eq. 15, we constructed uncertainty budgets corresponding to several conditions of measurement, including variations in the separation applied (GPEC versus Omnifit Ò ), the value of R (which establishes the measured age of the source), and the number of replicate separations (N sep ) or ICP-MS measurements (N ms ) that were done. Each budget lists the input quantities and the values of the terms that include the input's standard uncertainty, which represent the contributions of each input to the combined uncertainty in t. Indexing each variance term as a percentage of the total variance in t provides a measure of the relative importance of each input uncertainty for determining the total. Uncertainty budgets for operations using the GPEC and the Omnifit Ò separations are summarized in Tables 12 and 13 , respectively. In each case, N sep = N ms = 3; values are shown for R = 0, 0.5, 1, 2, and 3 to illustrate the magnitude of the uncertainty for different age results. 
Abundance of nat. The condition where R = 0 represents a special case in the treatment insofar as 100 % of the combined uncertainty in t arises from the signal noise in the ICP-MS measurement of 137 Ba. In this case, we project an age uncertainty of about 0.015 year (expanded).
When R is consequentially larger than 0, regardless of whether the GPEC or Omnifit Ò separation is used, the largest contributor to uncertainty in the measured age is the variability in F Sep , which is related to the reproducibility of barium recovery during the separation. With the GPEC system, this factor accounts for about 85 % of the variance in t. Its fractional contribution is considerably smaller (40 %) with the Omnifit Ò arrangement using an EDTA eluent. The expanded uncertainty in t is only about half as large with the Omnifit Ò arrangement as with the GPEC. The next largest contributor to uncertainty in the measured age is uncertainty in the certified concentration of 137 Cs in the gamma calibration standard. Reducing that uncertainty, and for that matter, uncertainties in most other input variables, is not simple and not likely to produce more than incremental improvements in the overall uncertainty in the measured age. There does appear to be an opportunity to make small gains in the method performance by improving the separation procedure. If variability in the separation recovery could be reduced from the 0.8 % rsd estimated from our Omnifit Ò data to negligible levels, the expanded uncertainty in the measured age would be reduced to about 75 % of the values listed in Table 13 . The uncertainty reduction produced by replacing the GPEC with the Omnifit Ò apparatus using a complexant-based eluent is evident in this result. With the performance we project with the Omnifit Ò approach, the age of even the oldest 137 Cs source (about 60 years) can be determined with an expanded uncertainty of less than one year.
Conclusions
The methodology used for age dating radioactive sources containing 137 Cs as chloride salt or glass was adapted for sources where the 137 Cs is incorporated into a ceramic matrix. Using a surrogate cesium aluminosilicate, we evaluated potential effects of the matrix on the individual processes needed for applying the age-dating method, including dissolution of the matrix, separation of the cesium and barium constituents, and measurement of the 137 Cs and 137 Ba isotopes. In general, effects of the ceramic matrix were minor. The aluminosilicate material was readily dissolved with a procedure that incorporated hydrofluoric acid and Cs = 20 ng/g subsequent removal of excess fluoride. The resulting solution provided high recovery of the cesium and barium components and maintained the Ba/Cs ratio during handling and transfers. The matrix constituents, sodium and aluminum, did not affect the Cs/Ba separation measurably with the GPEC apparatus but barium retention was clearly reduced during elution of the cesium with 3 N HNO 3 when the separation was done using more conventional chromatography and an Omnifit Ò -column setup. This effect could be readily accommodated by using a longer column and selecting an appropriate volume for eluting the cesium fraction. No effects were observed in the ICP-MS measurements of Cs or Ba from the sodium and aluminum present in the sample solutions. Overall, age dating of 137 Cs incorporated into an aluminosilicate ceramic matrix is anticipated to be just as reliable as age dating this isotope in any matrix that was previously studied.
For all matrices, the age-dating methodology for 137 Cs can be substantially improved by changes to the procedures for separating the cesium and barium isotopes and for measuring the 137 Cs constituent. The manual GPEC has not realized expectations for advantageous performance and GPEC systems have not become widely available as once anticipated. Consequently, we recommend an alternative apparatus based on the readily available and inexpensive Omnifit Ò column kit. This approach allowed much more convenient operation, better utilization of sample, and a potential for more control over separation conditions than the GPEC. With either system, recovery of barium in a fraction eluted with 1 % acetic acid was consistently low by about 2 % and varied substantially from one run to another (average recovery was 98.3 % with a standard uncertainty of 2.3 %). A short study of alternative eluents for the barium fraction found that adding a complexant such as EDTA in place of acetic acid improved the recovery (99.4 ± 0.8 %). This improvement constitutes a major reduction in the overall uncertainty of the age-dating method since variability in the barium recovery is the largest single contributor to the combined uncertainty in the measured age, as illustrated in the uncertainty analysis we present.
Consideration of the procedures available for measurement of the 137 Cs isotope for the age-dating process revealed a serious gap in the chain of comparisons that underlie calibration of the ICP-MS instrument for this nuclide. Assumptions commonly made in earlier work regarding identity of responses between 137 Cs and 133 Cs or 137 Ba cannot be justified within reasonable uncertainty. This impediment is removed if the 137 Cs determination is made radiometrically using gamma counting where suitably traceable standards are available and measurements can be made with predictable uncertainty.
With the recommended methodology, uncertainty in the age of a 60-year-old source is 0.68 y.
